Specific to severe damage to curved bridges in earthquakes caused by the excessive force of the fixed bearings and piers, a new seismic design method on curved bridges considering bearing friction sliding isolation is proposed in this paper. Seismic model bridge and isolation model bridge with similarity ratio of 1/20 were made and the shaking table comparison test was conducted. The experimental results show that the isolation model curved bridge suffered less seismic damage than the seismic model curved bridge. The fundamental frequencies of the seismic model bridge and isolation model bridge decreased and the damping ratio increased with the increase of seismic intensity. Compared with seismic curved bridge, the maximum reduction rates of peak acceleration along the radial and tangential directions on the top of pier of the isolation model curved bridge were 47.3% and 55.5%, respectively, and the maximum reduction rate of the peak strain on the bottom of pier of the isolation model curved bridge was 43.4%. For the isolation model curved bridge, the maximum reduction rate of peak acceleration on the top of pier was 24.6% compared with that on the bottom of pier. The study results can provide experimental basis for the seismic design of curved bridges.
Introduction
The frequent earthquake disasters in recent years resulted in severe damage to bridge structures, while the damage to the curved bridges was more serious [1] [2] [3] [4] . Compared with the damage form of bridge structures in earthquakes in Northridge, US, and in Hanshin, Japan, the damage form of bridges in China's Wenchuan and Yushu earthquakes mainly presented as girder displacement and girder falling and relatively slight damage to the pier-girder connections and the piers. Upon analysis, laminated rubber bearings were adopted for most bridges and were placed directly on top of the bent cap or abutment in the Wenchuan and Yushu earthquakes, which were the main reasons for such form of damage. The laminated rubber bearings successfully helped avoid or reduce the transfer of seismic inertia force in the earthquakes due to its friction sliding isolation which exhibited favorable static behaviors and excellent seismic performance and thereby rendered the most typical seismic isolation device [5] [6] [7] .
Up to date, many scholars have carried out theoretical studies on the application of the isolation device in the highway bridge. Ozbulut and Hurlebaus [8] conducted a sensitivity analysis to examine the effectiveness of an isolation system consisting of shape memory alloy (SMA) device and natural rubber bearing for seismic protection of highway bridges. Zhang et al. [9] proposed a SMA based displacement restraining damping devices to control the seismic response of a fullscale three-dimensional seismically excited highway bridge. The above content mainly relates to the bridge which has complex isolation device. Wang et al. [10] studied the influence of the parameters on the dynamic response of the isolated bridge with lead rubber bearings (LRB). Wilde et al. [11] proposed a very effective passive method, which combined a laminated rubber bearing with a device made of SMA of protecting bridges from the hazard of earthquakes. Bhuiyan and Alam [12] have carried out performance evaluation of multispan continuous highway bridge isolated by an isolation bearing consisting of high damping rubber bearing and NiTi SMA restrainers and demonstrated the effectiveness of the 2 Shock and Vibration bearing in seismic responses of the bridge. A detailed and systematic investigation on the performance of LRB and FPS friction-pendulum system (FPS) isolation systems, provided with supplemental viscous damping under the effect of nearfault ground motions, has been carried out by Providakis [13] . The above content mainly relates to the bridge which has complex isolation device.
In recent years, much progress has been made in the research of isolated curved bridges. Ates and Constantinou [14, 15] investigated the seismic behavior of isolated curved bridges in the earthquake including soil-foundation effects, reporting that double concave friction-pendulum bearings offer some advantages for the internal forces on the deck for the considered curved bridge as per the nonisolated curved bridge. In Liu et al. 's [16] study on a curved bridge, which considers the effect of bearings friction and viscous dampers, the results show that viscous dampers can reduce the difference of internal force within inner pier of curved bridge, and they can also effectively reduce the bending and twisting coupling effect of curved bridge. Kataria and Jangid [17] found that the use of semiactive variable stiffness damper with different isolators is very effective in controlling the response of the curved bridge. Their results indicated that the curve bridge which considers seismic isolation design can effectively reduce the dynamic response under earthquake action.
The shaking table tests, as an effective means of reappearance of the earthquake process, have been widely adopted at present. On the basis of theoretical research, the scholars have also carried out some shaking table tests on isolated bridges [18] [19] [20] [21] [22] [23] [24] . Most of these isolated bridge tests are carried out for the straight bridge, and the shaking table tests for isolated curved bridges are rarely studied. Therefore, the shaking table comparison tests on the two models of curved bridges with or without considering bearings friction sliding isolation were conducted in this paper so as to study the impact of friction sliding of laminated rubber bearings on the seismic performance of the curved bridge. Table Test 2.1. Similarity Relationship. Based on the dynamic test theory [25, 26] and in combination with the specific circumstances of the shaking table in the Key Laboratory of Structure Engineering and Earthquake Resistance, Xi'an University of Architecture and Technology, the geometric similarity ratio of the model bridge was determined as 1/20. Other main similarity constants derived from the geometric similarity ratio are shown in Table 1 .
Shaking

Model Materials.
As the model materials used in shaking table tests directly affect the visibility and accuracy of test results, the selection of model materials is very important. HRB335 ribbed bars (nominal yield strength is 335 MPa) with the diameter of Φ6 mm were used for the longitudinal reinforcement of model pier and girder; HRB335 plain round bars with the diameter of Φ6 mm were used for stirrup, with the stirrup spacing being Φ6 cm. The pier-girder reinforcement skeleton is shown in Figure 1 . In the model, micro concrete [27, 28] was used to simulate the concrete for actual structure, with the mix proportion being water : cement : sand : haydite : stone = 0.435 : 1 : 1.127 : 0.173 : 2.72. The parameter test on micro concrete is shown in Figure 2 . Upon test, it is determined that the elastic modulus of micro concrete was 2.2 × 10 4 N/mm 2 , which satisfies the test requirements.
Two laminated rubber bearings in size of 6 cm × 6 cm × 1.5 cm were installed above each pier in the isolation model. Upon testing, the horizontal shear stiffness of rubber bearings was = = 2.88 × 10 5 N/m and vertical stiffness was = 5.61 × 10 7 N/m. height of 1.55 m. The correspondences between the prototype and the bridge model are shown in Table 2 . Two curved bridge models are designed based on the parameters shown in Table 2 .
Seismic Model. No bearing was set for the model bridge, and it was designed into pier-girder fixed connection.
Isolation Model. Two laminated rubber bearings were set on each pier, and the laminated rubber bearings were placed on the top of the pier directly. The laminated rubber bearings slide along the pier in any direction (Figure 3(d) ) in the case of a strong earthquake input.
The main design dimensions and the reinforcement assembly of section of the model bridge are shown in Figures  3 and 4. 
Model Counterweight.
The model tests must meet the criterion for dynamical mass similarity. Upon calculation, the total weight of counterweight required was 1321.4 kg and the actual weight of counterweight was 1040 kg. The counterweight rate could be up to 80%, so the requirements of shaking table test were satisfied. The two models applied with the counterweight are shown in Figure 5 .
Layout of Measuring Points.
In this test, the layouts of measuring point of the two models were the same. Nine acceleration sensors measuring points were arranged on the top of shaking table, the tangential direction of the top and bottom of piers #1, #2, and #3, and the radial direction of the bottom and top of pier #3, respectively. Four displacement sensors were arranged in the radial and tangential direction at the top of pier #2 and the girder (bridge deck), respectively. 12 strain gauges were arranged on steel bar at the bottom of the piers. The PCB type series 380 GFB3G/30AY acceleration sensors were used to measure acceleration response of the models. 891-II type displacement sensors were used to measure the displacement response of the models. The TMR-200 small multichannel dynamic data acquisition instrument was used to measure the strain data of the models.
Test Methods.
In this paper, El Centro wave (NS direction) [29, 30] was inputted along the east-west direction, and the seismic wave inputted into the shaking table was compressed to 0.1414 times of the original wave according to the time-similarity ratio. The peaks acceleration used for prototype seismic waves was 7 degrees (0.1 g), 8 degrees (0.2 g), 8 degrees (0.3 g), and 9 degrees (0.4 g) [31, 32] , respectively. According to the similarity ratio, the seismic wave peaks in the actual input model were adjusted to 0.25 g, 0.375 g, 0.5 g, 0.75 g, and 1 g, respectively. The two model structures were loaded one-by-one and level-by-level on the shaking table. The load conditions 1-5 were applied with seismic model and the load conditions 6-10 were applied with isolation model. Table 3 shows the theoretical and measured peak acceleration values of the shaking table under different load conditions in the model structure test. Thus it can be seen that the input intensity of seismic wave on the shaking table can meet the requirements.
Analysis and Study on Experimental Phenomena
Experimental Phenomena of Seismic Model.
The damage to seismic model under seismic excitation was mainly in the form of cracks in piers, as shown in Figure 6 . When the seismic wave was applied with 0.375 g PGA, a horizontal crack appeared firstly on the east side of bottom of pier #1; the cracks of pier #1 were distributed mainly near the bottom and the top of the pier, and the cracks were mostly horizontal bending cracks. When the seismic wave was applied with 0.25 g PGA, a horizontal curving crack appeared firstly on the west side of bottom of pier #2; the cracks of pier #2 were also distributed mainly nearby the bottom and the top of the pier, but horizontal and diagonal cracks were also found in the pier. When the seismic wave was applied with 0.375 g PGA, Shock and Vibration a horizontal bending crack appeared firstly on the east side of bottom of pier #3; the cracks of pier #3 were also distributed mainly at the bottom and the top of the pier. During the test, the length and width of cracks in each pier gradually became larger with the increase of seismic intensity.
Experimental Phenomena of Isolation Model.
The isolation model suffers less damage to its piers than the seismic model. The bearings were placed directly on the piers without any treatment throughout the test. When the seismic wave was applied with 0.375 g PGA, the outer arc side bearing of pier #1 was found with radial sliding in sliding distance of 3 mm; the outer arc side bearing of pier #3 was found sliding along both tangential and radial directions of the bridge, including tangential sliding of 2 mm and radial sliding of 2 mm. When the seismic wave was applied with 0.5 g PGA, the outer arc side bearings of piers #1 and #3 were found with sliding of 6 mm and 7 mm in addition to the original sliding; the inner arc side bearing of pier #1 was in radial sliding of 2 mm and tangential sliding of 3 mm; the inner arc side bearing of pier #3 was in radial sliding of 2 mm and tangential sliding of 4 mm. When the seismic wave was applied with 0.75 g PGA, the outer arc side bearing of pier #1 partially came off the girder, and all the remainder bearings have greater sliding. When the seismic wave was applied with 1 g PGA, the outer arc side bearing of pier #1 completely came off; the bearing on the north side of pier 2# came off the girder by 1/2; the bearing on the outer arc side of pier #3 came off the girder by 2/3. The typical seismic damage to the bearings was shown in Figure 7 . Conclusion can be drawn from the above experimental phenomena:
(1) The main seismic damage to the seismic model is exhibited as the many cracks due to excessive force at the bottom of pier and the pier-girder connections. Compared with the seismic model, bearings in isolation bridge are placed directly between girder and pier; the bearings in the isolation model slide significantly upon completion of the test and even slide out of the pier top.
(2) The contact surfaces of the curved bridge with consideration of bearing friction sliding isolation may have certain slide under seismic excitation. The seismic horizontal forces are transmitted only through friction action of the contact surfaces. Not only will the bearing friction consume part of the seismic energy, but it also will play the role of reducing the effect of transferring the inertia force of the superstructure to the substructure under seismic excitation. Therefore, the dynamic response of the isolation bridge is effectively reduced. Throughout the test, the damage to the isolation model pier is relatively smaller. Thus, the curved bridge with seismic design considering bearing friction sliding isolation has proven to have good seismic performance and can be applied to seismic design of high-intensity earthquake area.
Analysis of Test Results
Analysis of Dynamic Characteristics.
In order to obtain the dynamic characteristics at different stages of the model bridge, the fundamental frequency of each model was tested by hammering before and after the load conditions were applied to each test, while the damping ratio corresponding to the fundamental frequency of the structure was obtained by using the logarithmic decrement method in dynamics of structures [33] in order to reflect the stiffness degradation of the model bridges throughout the test. The dynamic characteristics of the model before and after loading under different conditions are shown in Table 4 . Table 3 shows that the isolation model bearing has relatively smaller shear stiffness; thus the isolation model has smaller initial fundamental frequency compared to that of the seismic structure. With the gradual increase in the inputting seismic intensity, the fundamental frequency of the model structure decreases, while the damping ratio increases. Upon analysis, it is known that the fundamental frequency decrease following the severe structural stiffness degradation of model is mainly caused by the cracks of piers for seismic model; the stiffness of the isolation model was impaired and the fundamental frequency decreased mainly due to the significant sliding of laminated rubber bearings in the earthquake and the consequent changes in boundary conditions.
With the increase of seismic intensity, the damping ratio of the model increases. When the seismic wave was applied with 1 g PGA, the damping of the seismic model increases to be 475% compared to the original damping ration; and the damping of the isolation model increases to be 636% compared to the original damping ration. Increase of structural damping makes the structure have better capacity of seismic energy dissipation. Change law of damping ration and frequency of isolation bridge indicate better seismic capacity when isolation bridge is in injured working state. Table 5 shows the acceleration response peak values of the corresponding measuring points on the top and bottom of piers on the seismic model bridge and isolation model bridge under different intensity levels of El Centro wave. The isolation effects of the model bridges can be reflected through analyzing these values. The following can be seen from Table 5 :
Analysis of Acceleration Response.
(1) For seismic models, the peak acceleration values at the corresponding positions of the piers top were all magnified compared with the bottom of pier as the effect of acceleration along the height direction of bridge pier is magnified. (2) With the increase in seismic intensity, the bearings of the isolation model start to slide above the pier, and the sliding of bearings reduced the transfer of seismic inertia force of the girder towards the piers, thereby playing effective isolation action. Under load condition 7, the tangential peak acceleration value at the top of pier #2 was reduced to 17.7% compared with the bottom of pier. Under load condition 8, the tangential peak acceleration value at the top of pier #2 was reduced to 23.2% compared with the bottom of pier, and the tangential peak acceleration value at the top of #3 pier is reduced to 11.8% compared with the bottom of pier. Under load condition 9, the peak acceleration value at the top of pier #2 was reduced to 15.4% compared with the bottom of pier, the radial peak acceleration value at the top of pier #3 is reduced to 7.6% compared with the bottom of pier, and the tangential peak acceleration value at the top of pier #3 was reduced to 24.6% compared with the bottom of pier. Under load condition 10, the radial peak acceleration value at the top of pier #3 was reduced to 14.3% compared with the bottom of pier. Figure 8 shows the comparison chart of pier top acceleration time history curves of seismic model and isolation model.
The following can be seen from Figure 8 :
(1) The peak acceleration values on top of the piers of the isolation model were reduced to varying degree under earthquake excitation of different seismic intensities compared with the seismic model. (2) When the input peak acceleration of seismic wave was 0.25 g PGA, the reduction rates of tangential peak acceleration at the top of piers #1, #2, and #3 are 28.5%, 42.6%, and 32.2%, respectively, and the reduction rate of radial peak acceleration at the top of pier #3 is 7.8%. (3) When the input peak acceleration of seismic wave was 0.375 g PGA, the reduction rates of tangential peak acceleration at the top of piers #1, #2, and #3 are 10.6%, 3.7%, and 30.4%, respectively, and the reduction rate of radial peak acceleration at the top of pier #3 is 23.2%.
(4) When the input peak acceleration of seismic wave was 0.5 g PGA, the reduction rates of tangential peak acceleration at the top of piers #1, #2, and #3 are 6.7%, 21.4%, and 28.7%, respectively, and the reduction rate of radial peak acceleration at the top of pier #3 is 30.1%.
(5) When the input peak acceleration of seismic wave was 0.75 g PGA, the reduction rates of tangential peak acceleration at the top of piers #1, #2, and #3 are 27.2%, 11.1%, and 26.9%, respectively, and the reduction rate of radial peak acceleration at the top of pier #3 is 8.5%.
Shock and Vibration 9 (6) When the input peak acceleration of seismic wave was 1 g PGA, the reduction rates of tangential peak acceleration at the top of piers #1, #2, and #3 are 13.3%, 32.3%, and 55.5%, respectively, and the reduction rate of radial peak acceleration at 3# pier top was 47.3%.
From the above analysis, when curved bridge design considering the bearings friction sliding isolation is used, the isolation effects become more remarkable with the increase in seismic intensity; the maximum reduction rates of peak acceleration can be up to 47.3% radially and 55.5% tangentially. The experimental results by Zhong et al. [23] which used longitudinal energy dissipation damper show that the maximum reduction rate of peak acceleration at the top of piers is 60%. Liu et al. [24] conducted an experiment which used FPS, LRB, and high damping rubber bearings, respectively, and the maximum reduction rates of peak acceleration at the top of piers are 76%, 70%, and 56%, respectively. Compared with the experimental results of other researchers, the maximum reduction rate is 55.5%.
Analysis of Displacement Response.
Previous study results show that the displacement of the superstructure above the isolation layer will be amplified, which exists in the isolation structures. The displacement time history curve in this paper shows the comparison of the top of pier #2 and its upper girder under effect of El Centro wave at different seismic intensities, as shown in Figure 9 . Figure 9 shows that the tangential displacement of girder in the isolation model was essentially consistent with that of the pier, but the radial displacement of the girder in relation to the pier top was considerably increased. With the increase of seismic intensity, the radial displacement of the girder significantly increased compared with the pier. When the input peak acceleration of seismic wave was 1 g, the radial relative displacement between girder and pier top is up to 13.7 mm.
The experimental results of previous studies [23, 24] and this paper have proved that the design of the bridge with isolation device can lead the displacement of girders to be amplified. Therefore, how to control the radial displacement value of the girder within reasonable limit is an important issue that must be considered in isolation design of curved bridge so as to strictly prevent damage, for example, radial pounding between the girder and the retainer and radial girder unseating. Currently, measures, for example, the addition of seismic retainers or damping devices, can be adopted to minimize the displacement of the bridge superstructure.
Analysis of Strain
Response. The destruction due to excessive force carried by the bridge pier is one of the main forms of seismic damage which occurred to curved bridge during earthquake [34, 35] ; therefore the strains at the bottom of pier of the model curved bridge were studied in this paper. Figure 10 shows the strain time history curves at the bottom of piers for seismic and isolation models at different seismic intensities.
The following can be seen from Figure 10 :
(1) When the input peak acceleration of seismic wave was applied from 0. friction sliding isolation is designed to isolate the girder from the lower part of the bridge structure using bearing, reasonably extend the life cycle of the bridge structure system, and reduce the seismic force transmitted from the bridge superstructure to the pier by dissipating partial seismic energy and avoid or reduce the nonelastic deformation of the bridge pier. The previous experiment result [23] reveals that the maximum reduction rate of peak strain at the bottom of piers can be up to 47%; the maximum reduction rate in our paper is 41.4%. Both the previous experiment result and the experiment result in our paper indicate that the isolation device can effectively reduce the strain response of the piers.
Conclusions
In this paper, the shaking table comparison tests of two curved bridges considering or not bearings friction sliding isolation are carried out, respectively; the dynamic characteristics and response of the model structures are studied. The following conclusions can be drawn:
(1) With the increase of seismic intensity, the natural frequencies of the two model bridges significantly decrease, while the damping ration increases. The stiffness is degraded for both the seismic model and the isolation model. The stiffness degradation of seismic model is caused by severe damage after cracks appear at piers, and the stiffness degradation of isolation model is caused by the change in boundary condition of bridge due to greater sliding movement of the bearings.
(2) For curved bridge considering bearing friction sliding isolation, its maximum reduction rate of peak acceleration at the pier top after earthquake is 24.6% compared with the bottom of pier. Its damping effect is more significant with the increase of seismic intensity in contrast to the curved bridge without considering bearing friction sliding isolation. The maximum reduction rate is 47.3% for radial peak acceleration and 55.5% for tangential peak acceleration.
(3) The tangential displacement response of the girder of the isolation curved bridge is basically not magnified compared with the pier, while the maximum radial relative displacement between girder and pier is 13.7 mm. Thus, during seismic design, the radial displacement of the curved bridge should be strictly controlled, and the girder unseating damage can be avoided by measures, for example, the installation of energy-dissipated vibration reduction retainers.
(4) The strain values at the bottom of pier of the curved bridge without considering bearing friction sliding isolation become greater with the increase of seismic intensity. In contrast, the strain values on the bottom of pier of the curved bridge considering bearing friction sliding isolation decrease with increase of seismic intensity. Under the same intensity, the strain values at the bottom of pier of isolation model have significantly reduced compared with the seismic model, with maximum reduction rate of 43.4%. Therefore, the curved bridge considering bearing friction sliding isolation has remarkable seismic effect, and it can be applied to the seismic design of high-intensity seismic areas.
(5) The curved bridge considering bearing friction sliding isolation adopts clear-cut isolation mechanism. Its friction sliding can be used to dissipate seismic energy under earthquake action and minimize the seismic force transferred to the substructure. In addition, the laminated rubber bearing has advantages of simple construction, low cost, and easy installation, so that the operational capability of bridge can be restored after earthquake through reinstatement or the replacement of the bearings.
